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This study had the following two aims: First, to explore the effects of acute resistance
exercise (RE, i.e., using exercise machines to contract and stretch muscles) on
behavioral and electrophysiological performance when performing a cognitive task
involving executive functioning in young male adults; Second, to investigate the potential
biochemical mechanisms of such facilitative effects using two neurotrophic factors [i.e.,
growth hormone (GH) and insulin-like growth factor-1 (IGF-1)] and the cortisol levels
elicited by such an exercise intervention mode with two different exercise intensities.
Sixty young male adults were recruited and randomly assigned to a high-intensity (HI)
exercise group, moderate-intensity (MI) exercise group, and non-exercise-intervention
(NEI) group. Blood samples were taken, and the behavioral and electrophysiological indices
were simultaneously measured when individuals performed a Go/No-Go task combined
with the Erikson Flanker paradigm at baseline and after either an acute bout of 30min
of moderate- or high-intensity RE or a control period. The results showed that the acute
RE could not only benefit the subjects’ behavioral (i.e., RTs and accuracy) performance,
as found in previous studies, but also increase the P3 amplitude. Although the serum GH
and IGF-1 levels were significantly increased via moderate or high intensity RE in both the
MI and HI groups, the increased serum levels of neurotrophic factors were significantly
decreased about 20min after exercise. In addition, such changes were not correlated
with the changes in cognitive (i.e., behavioral and electrophysiological) performance. In
contrast, the serum levels of cortisol in the HI and MI groups were significantly lower
after acute RE, and the changes in cortisol levels were significantly associated with the
changes in electrophysiological (i.e., P3 amplitude) performance. The findings suggest the
beneficial effects of acute RE on executive functioning could be due to changes in arousal,
possibly modulated by the serum cortisol levels.
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INTRODUCTION
Participation in physical activity has been demonstrated to be
associated with changes in cognitive performance involving exec-
utive functioning (Etnier et al., 1997). Accordingly, there have
been many studies that attempt to explore the changes in cogni-
tive performance that occur after a bout of acute exercise. With
regard to resistance exercise, a growing number of work has
strongly supported the view that executive functioning perfor-
mance is enhanced via chronic resistance exercise (Perrig-Chiello
et al., 1998; Ozkaya et al., 2005; Cassilhas et al., 2007; Liu-
Ambrose et al., 2010), but that such a facilitative effect, as mea-
sured by behavioral indices, can also be found via acute resistance
exercise (Chang et al., 2012, 2014). However, while previous stud-
ies have implicated the physiological (e.g., arousal) or hormonal
(e.g., neurotrophic factors) responses to acute exercise interven-
tion as the basis of any improvements in behavioral performance
following physical exercise (Magnie et al., 2000; Joyce et al., 2009;
Lambourne and Tomporowski, 2010; Dietrich and Audiffren,
2011; McMorris et al., 2011; Pesce et al., 2011; Tsai et al., 2014),
no research has yet been conducted to explore the potential mech-
anisms underlying this process using electrophysiological and
biochemical markers.
Cognitive performance after a bout of acute exercise could
be influenced by the intensity of exercise, which could be
attributed to the secreted levels of biochemical markers (e.g.,
neurotrophins and cortisol) or the states of arousal (Kashihara
et al., 2009). Biopsychological arousal theory proposes that phys-
iological responses to exercise mediate changes in a number of
aspects of psychological functioning (e.g., cognitive functioning),
through its direct effects on energetic arousal (EA) (Oweis and
Spinks, 2001). However, the level of EA after exercise is strongly
associated with the degree of exercise intensity (Thayer, 1989),
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with the proposed positive effects of a moderate arousal level
on cognitive performance being based on the inverse-U theory
(Oweis and Spinks, 2001). As the amount of biochemical mark-
ers that are secreted are closely related to the level of physical
activity, the effects of acute resistance exercise on cognitive (i.e.,
behavioral and electrophysiological) performance may be partic-
ularly relevant to an investigation of the various components of
exercise, including intensity. Given the conceptual links between
the secreted levels of circulating biomarkers [e.g., cortisol, growth
hormone (GH) and insulin-like growth factor-1 (IGF-1)] and
resistance exercise intensity (Schwarz et al., 1996; McGuigan et al.,
2004; Irving et al., 2009; Wahl et al., 2010), examining whether
different intensities (high vs. moderate) of acute exercise influ-
ence the exercise-cognition relationship would seem logical in any
attempt to understand how acute resistance exercise may benefit
cognitive performance.
Cortisol, a glucocorticoid hormone produced by the adrenal
cortex, is a corticosteroid released in response to stress as the end-
product of the hypothalamic-pituitary-adreno-cortical (HPA)
system (Henckens et al., 2012). Increased cortisol levels are often
related to stress, which could result in dysfunction of neuronal
plasticity, neurogeneis, or remodeling of the hippocampus, since
the steroids inhibit glucose transport in hippocampal neurons
and glia (Sapolsky, 1993; Duman, 2002). Cortisol can lead to
arousal, as its release can limit the synthesis of the adreno-
corticotrophin hormone (ACTH) and corticotrophin releasing
hormone (CRH), both of which modulate arousal (Lambourne
and Tomporowski, 2010). Although exercise is also thought of
as a stressor, an acute bout of aerobic as well as resistance exer-
cise can increase the arousal status and neural activation, which
further facilitate the central executive function related to the hip-
pocampus and frontal lobe (Magnie et al., 2000; Lambourne
and Tomporowski, 2010; Dietrich and Audiffren, 2011; Pesce
et al., 2011; Chang et al., 2012, 2014). Given the conceptual links
between cortisol and exercise, cortisol may be related to the effects
of exercise on cognition (Henckens et al., 2012). Indeed, a pre-
vious study found that the beneficial effects of a single bout of
acute exercise on cognitive performance could be attributed to
acute decreases in cortisol levels (Heaney et al., 2013). However,
although earlier work has demonstrated that cortisol can mod-
ulate cognitive performance involving executive functions (e.g.,
inhibitive control, attention, and memory) (Vedhara et al., 2000;
Henckens et al., 2012), the effects of cortisol levels on cog-
nition follow a U-shaped curve (Lupien and McEwen, 1997),
with moderate levels being positively associated with executive
functioning (Blair et al., 2005), while highly elevated cortisol
levels have been shown to interfere with the cognitive func-
tions that are largely dependent on prefrontal networks (e.g.,
inhibitory control, attention regulation, and memory retrieval)
(Kopell et al., 1970; Lupien and McEwen, 1997; Lyons et al.,
2000; Quesada et al., 2012) and hippocampal functioning (e.g.,
declarative memory) (Almela et al., 2012). This is because the
detrimental effects on such executive functions relying on these
brain areas could, to some extent, be due to a pronounced cortisol
stress response (Almela et al., 2012; Quesada et al., 2012) or the
inhibition of dopaminergic reward-seeking systems (Tops et al.,
2004).
Additionally, although the improvement in cognitive function-
ing following physical exercise could be attributed to changes in
the hormonal response, some exercise-sensitive biomarker secre-
tions seem to be characterized by different physiological and
metabolic demands. For example, aerobic exercise can effectively
increase serum brain-derived neurotrophic factor (BDNF) con-
centrations, whereas resistance exercise can effectively change
serum GH and IGF-1 concentrations (Neeper et al., 1995;
Cassilhas et al., 2007; Seo et al., 2010; Gregory et al., 2013).
Indeed, resting IGF-1 concentrations are increased after short-
term resistance training (Borst et al., 2001), but decreased after
short-term endurance training (Nemet et al., 2004). Additionally,
a single bout of resistance exercise, but not aerobic exercise, is a
physiological stimulus for acute increases in GH and IGF-1 levels
(Gregory et al., 2013). Taken together, these findings indicate that
these circulating responses of neurotrophic factors are specific to
different exercise modes.
GH and IGF-1 are signaling peptides which can cross the
blood-brain barrier and bind to receptors in the central ner-
vous system (Sonntag et al., 2005). Given the importance of
the GH/IGF-1 axis for growth of glial cells, myelination, and
neurons (Sonntag et al., 2005), the capacity of resistance exer-
cise to alter GH and IGF concentrations might have important
implications for cognitive performance. Indeed, there is grow-
ing evidence for a significant association between the GH/IGF-1
axis and such performance. Previous studies have demonstrated
that serum IGF-1 levels (Rollero et al., 1998; Aleman et al., 1999,
2001; Kalmijn et al., 2000; Dik et al., 2003), GH levels (Quik et al.,
2012), and the IGF-1/GH ratio (Morley et al., 1997) are associ-
ated with behavioral performance (e.g., information processing
speed, target detection and response speed, short-term memory,
and visual/auditory learning), and acute resistance exercise can
significantly increase serum GH and IGF-1 levels (Nicklas et al.,
1995; Rubin et al., 2005). We thus hypothesize that the changes
in serum levels of GH and IGF-1 following a bout of acute resis-
tance exercise would be positively correlated with the cognitive
performance of executive functioning.
Previous studies have reported that executive functions are
more strongly affected by physical activity or exercise than other
aspects of cognitive functioning (Etnier et al., 1997; Colcombe
and Kramer, 2003), and acute exercise has been suggested
to selectively augment executive function performance involv-
ing inhibitory control and attention (Drollette et al., 2012).
Previous studies have demonstrated that, relative to the rest-
ing session, young adults exhibited not only higher response
accuracy and shorter reaction time (RT), but also larger P3
amplitudes (i.e., devoting more attentional resources) following
a bout of acute aerobic exercise when performing a modified
flanker task (Hillman et al., 2003; Kamijo et al., 2009). While
P3 event-related potential is known to be related to inhibi-
tion and attentional resource allocation (Jonkman et al., 2003;
Tsai et al., 2009), a better understanding of the electrophysi-
ological changes (e.g., P3 amplitude) underlying any improve-
ments in behavioral performance may provide insights into
the specific component processes involved in cognitive control
that are modulated by acute resistance exercise (Hillman et al.,
2009).
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Although a number of studies have demonstrated that a bout
of acute resistance exercise can effectively enhance behavioral
indices (Chang et al., 2012, 2014), thus far, no research has yet
been conducted on the effects of such an acute exercise mode on
electrophysiological performance. Therefore, the first aim of this
study was to elucidate the effects of a bout of moderate- or high-
intensity resistance exercise on behavioral (i.e., RT and accuracy)
and electrophysiological (i.e., P3 amplitude) performance using a
Go/No-Go task combined with the Erikson Flanker paradigm in
young males. Since such a cognitive task involves the cognitive
processes (i.e., inhibitory control and attention), and previous
studies have demonstrated that the cognitive performance can
effectively be enhanced in adolescents (Hogan et al., 2013) and
young adults (Ruchsow et al., 2005) after a bout of acute exer-
cise, we thus hypothesized that moderate- or high-intensity acute
resistance exercise could produce different degrees of benefi-
cial effects on cognition with regard to behavioral and elec-
trophysiological performance in both exercise-intervention (EI)
[i.e., moderate-intensity (MI) and high-intensity (HI)] groups
relative to those seen in the non-exercise-intervention (NEI)
group.
In addition, since no studies have examined the potential bio-
chemical mechanisms underlying the beneficial effects of acute
resistance exercise on cognitive performance, the second aim of
this study was to explore further the issue. Based on previous
research, we postulated that both EI groups would see differ-
ent changes in serum levels of biochemical markers which would
result in different effects on cognitive performance.
MATERIALS AND METHODS
PARTICIPANTS
Sixty male participants aged between 20 and 29 were recruited
from the same university and randomly assigned to a high-
intensity (HI) exercise group (n = 20), moderate-intensity (MI)
exercise group (n = 20), and non-exercise-intervention (NEI)
group (n = 20). Only male participants were selected in the
current study, because research has shown that gender differ-
ences exist in the responses to resistance training, such as those
that affect endocrine functioning (Staron et al., 1994). Thus
a mixed-gender group may lead to disproportionate improve-
ments in muscle and metabolic functions between male and
female participants, which would presumably affect any related
cognitive changes with regard to both cognitive and biochem-
ical indices (Rubia et al., 2010). All participants were non-
smokers, right-handed, as assessed by a handedness inventory
(Chapman and Chapman, 1987), and had normal or corrected-
to-normal vision. They were asked to complete a medical his-
tory and demographic questionnaire, and reported being free
of any psychiatric or neurological disorders, cardiovascular or
metabolic diseases, or medication intake that would influence
central nervous system functioning. Additionally, they completed
the International Physical Activity Questionnaire (IPAQ) (Craig
et al., 2003) and the Physical Activity Readiness Questionnaire
(PARQ) (Thomas et al., 1992) to avoid potential risk factors
that might be exacerbated during acute resistance exercise. None
of the participants showed any symptoms of cognitive impair-
ment or depression, as separately measured by the Mini-Mental
State Examination (MMSE, all scored above 24) (Folstein et al.,
1975) and Beck Depression Inventory II (DBI-II, all scored below
13) (Beck et al., 1996). All the participants provided written
informed consent to participate in the experiment, which was
approved by the Institutional Ethics Committee. As shown in
Table 1, the three groups were matched in age, body mass index
(BMI), BDI-II, MMSE, and IPAQ, as well as resting HR (all
p > 0.05).
PROCEDURE
The participants were required to make two visits to the cogni-
tive neurophysiology laboratory. On the first visit the research
assistant explained the experimental procedure, and asked the
participants to complete an informed consent form, a medi-
cal history and demographic questionnaire, and MMSE, DBI-II,
IPAQ, and PARQ. Their height and weight were also measured to
calculate their BMI. Two certified fitness instructors then com-
pleted all assessments of one-repetition maximum (1-RM) and
peak muscle power for each participant. All participants in the
MI and HI groups were familiarized with the exercise machines
before the acute exercise intervention took place.
The second visit took place in the morning 2 days later, and
to prepare for this the participants were asked to refrain from
strenuous exercise and alcohol intake for 24 h, and food and caf-
feine were also prohibited for 3 h before exercising, since both
caffeine and food consumption are associated with increases in
P3 amplitude (Geisler and Polich, 1990; Dixit et al., 2006) and
biochemical makers (e.g., cortisol) (Wu, 2014). When arriving
at the laboratory, each participant was fitted with a Polar heart
rate (HR) monitor (RX800CX, Finland), and was then asked to
sit in an adjustable chair in front of a computer screen (with a
width of 43 cm) in an acoustically shielded room with dimmed
lights. Body temperature and resting HR were measured. An elec-
trocap and electro-oculographic (EOG) electrodes were attached
Table 1 | Demographic characteristics (mean ± SD) of the two
exercise intervention groups and one non-exercise-intervention
group.
Group MI (n = 20) HI (n = 20) NEI (n = 20)
Age (years) 23.15±2.52 22.40±2.44 23.20± 2.12
Body mass
index (kg/m2)
20.83±1.45 21.53±1.80 22.03± 2.57
Education
(years)
16.50±1.67 17.10±1.83 17.35± 1.95
MMSE 29.10±0.91 29.25±0.97 28.90± 0.91
BDI-II 4.80±2.80 4.35±2.50 4.05± 2.86
Resting HR
(beats/min)
66.00±5.18 67.75±9.39 66.65± 6.21
IPAQ (MET-
min/week)
1091.58±459.51 888.20±292.65 933.23± 240.95
HI, high-intensity; MI, moderate-intensity; NEI, non-exercise-intervention;
MMSE, Mini Mental State Examination; BDI, Beck Depression Inventory; HR:
Heart Rate; IPAQ: International Physical Activity Questionnaire. Three groups
were not significantly different at baseline for all variables.
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to each participants’ scalp and face before the cognitive task test.
The viewing distance was approximately 75 cm. Ten practice trials
were carried out to familiarize the participants with the proce-
dure of the cognitive task. Blood was then withdrawn and the
formal cognitive test was immediately administered and elec-
trophysiological signals recorded. The HI and MI groups then
performed approximately 40min of high-intensity (80% 1RM)
and moderate-intensity (50% 1RM) acute resistance exercise on
the exercise machines, respectively, with 10min of warm-up and
30min of core content. The core resistance exercise consisted
of the following exercises in the order stated: bench presses,
biceps curls, triceps extensions, leg presses, vertical butterflies,
and leg extensions. Both HI and MI groups performed the resis-
tance exercise for two sets of 10 repetitions, at an average speed,
with a 90-s rest between sets, and a 2-min interval between
each different exercise. Since exercise-induced hyperthermia and
tachycardia are associated with systematic changes in P3 com-
ponent (e.g., decrease in P3 latency) (Geisler and Polich, 1990),
body temperature was measured and HR was assessed with a
Polar HR monitor after the acute resistance exercise, with both
measurements taken every 3min. Once the participants’ body
temperature and HR had returned to within 10% of pre-exercise
levels (on average about 5min after a bout of acute resistance
exercise), blood was immediately withdrawn from them, and
they then completed the cognitive task as their event-related
potentials (ERPs) were recorded. Additional blood samples
were then taken after the subjects had completed the cognitive
task.
With regard to the NEI group, after the first cognitive test they
took a rest of about 45min, during which they read magazines,
and they completed the cognitive test again. All of the participants
performed the cognitive test at the same time of day to control for
circadian distortions.
COGNITIVE TASK PARADIGM
Since acute exercise has been suggested to selectively augment
executive functioning performance involving inhibitory control
and attention (Drollette et al., 2012), a Go/No-Go task com-
bined with the Erikson Flanker paradigm was used in this study
(Ruchsow et al., 2005). Eight different letter strings (i.e., con-
gruent: UUUUU, BBBBB, VVVVV, DDDDD; and incongruent:
VVUVV, DDBDD, DDVDD, BBDBB) were presented on the
computer screen in a randomized order with equal probability.
Participants had to focus on the target letter in the middle of
an array. Upon the appearance of letters U and B (Go condi-
tion), the participants had to respond as quickly and accurately
as they could, using their right index finger to press the “M” but-
ton of the keyboard and their left index finger to press the “X,”
respectively. In contrast, they were told not to press any key if
the letters D and V appeared in the middle of an array (No-Go
condition). The whole experiment consisted of two blocks with
200 trials each, with 200 Go trials and 200 No-Go trials. All let-
ter strings were presented in white text and for 200ms against
a black background on a laptop computer monitor. The par-
ticipants had to respond within 1800ms. There was an interval
of 2000ms between each trial. All participants performed the
cognitive task with concomitant electrophysiological recording.
After a practice block of 10 trials to make sure the partici-
pants understood the whole experimental procedure, the formal
test was administered to collect RTs, accuracy rate, and ERPs
data. The total duration of the cognitive test was approximately
15min.
ELECTROPHYSIOLOGICAL RECORDING AND ANALYSIS
Electroencephalographic (EEG) activity was recorded using 18
electrode sites (F7, F8, F3, F4, Fz, T3, T4, C3, C4, Cz, T5, T6, P3,
P4, Pz, O1, O2, Oz) mounted in an elastic electrode cap (Quik-
Cap, Compumedics Neuroscan, Inc., El Paso, TX) designed for
the International 10-20 System. To monitor possible artifacts due
to eye movements, horizontal and vertical bipolar electrooculo-
graphic activity (HEOG and VEOG) was recorded using adhesive
electrodes placed on the supero-lateral right canthus and below
and lateral to the left eye. Scalp locations were referred to linked
mastoid electrodes, while a ground electrode was placed on the
mid-forehead on the Quik-Cap. All electrode impedances were
below 5 k. EEG data acquisition employed an A/D rate of
500Hz/channel, a band-pass filter of 0.1–50Hz, and a 60Hz
notch filter, with continuous writing to hard disk for off-line anal-
ysis using SCAN4.3 analysis software (Compumedics Neuroscan,
Inc., El Paso, TX) (Tsai et al., 2014).
Trials with a response error or RT quicker than 150ms or
slower than 800ms, which were regarded as anticipatory or delay
errors, respectively were excluded from the analysis. This time
window was able to exclude all responses greater than two stan-
dard deviations from the mean response of each group, thereby
excluding outliers that could skew the group means. The ERP
epoch was defined as 200ms pre-stimulus to 1200ms post-
stimulus onset. During the recording epoch, trials containing
ocular artifacts were also discarded from further analysis, with a
threshold of 100µV in the vertical and horizontal electrooculo-
grams being set for this. The remaining effective ERPs data was
assembled across epochs according to different conditions. The
stimulus-elicited P3 component, defined as the major positive
deflection after the stimulus over the scalp (i.e., Fz, Cz, and Pz)
occurring 250–500ms for Go-P3 and 350–550ms for No-Go-P3,
was distinguished and averaged across the three electrodes, with
correction for differences in the 200ms pre-stimulus baseline
(Kato et al., 2009).
BLOOD SAMPLING AND ANALYSIS
Blood samples were obtained at three time points (T1: before
the 1st cognitive task test; T2: before the 2nd cognitive task
about 5min after acute exercise; and T3: immediately after the
2nd cognitive task test) by a phlebotomist. The blood samples
were withdrawn from the antecubital vein via an aseptic tech-
nique for analysis of serum IGF-1, GH, and cortisol. During
the T2 and T3 time points, blood samples were obtained via
an indwelling catheter located in a forearm vein. Following each
sample collection, the catheter was flushed with sterile saline to
prevent clot formation, and the catheter was cleared of saline
prior to each sample collection. The blood was allowed to clot
(BD Vacutainer Plus), and then centrifuged at 3000 rpm for
15min at 4◦C (Hettich Mikro 22R, C1110). Each sample was
frozen and stored at −80◦C for further serum marker assays.
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Serum values of GH and IGF-I were determined by a chemilu-
minescence immunoassay method using an Access Ultrasensitive
hGH reagent pack (Beckman Coulter Inc, USA) and Liaison IGF-
1 reagent (DiaSorin S.P.A., Italy), respectively. The levels of serum
cortisol were analyzed by an enzyme-linked immunosorbent
assay (ELISA) using cortisol kits (JL840685/R06, Abbott, Abbott
Park, Illinois, USA). The detection limit for GH by this method
was 0.002 ng/mL for GH and 3 ng/mL for IGF-1. The whole pro-
cedure for the determination of the three biochemical markers
was performed by the same person to avoid inter-operator bias.
STATISTICAL ANALYSIS
For the behavioral (i.e., RTs and accuracy) and electrophysiolog-
ical (i.e., P3 amplitude) analysis, all independent variables from
the acute bout of resistance exercise were analyzed with a three-
way repeated measures analysis of variance (ANOVA) [i.e., time
(pre- vs. post-exercise) × group (HI vs. MI vs. NEI) × conditions
(behavioral: congruent-go vs. incongruent-go; electrophysiolog-
ical: congruent-go vs. congruent-no-go vs. incongruent-go vs.
incongruent-no-go)]. Where a significant difference occurred,
Bonferroni post-hoc analyses were performed. For the serum anal-
ysis, two-way repeated ANOVA with post-hoc Bonferroni were
used to assess both the effects of time (T1 vs. T2 vs. T3) and
group (MI vs. HI vs. NEI). Homogeneity and normality of vari-
ance assumptions were confirmed by Levene’s and Kolmogorov-
Smirnov tests, respectively. The significance levels of the F ratios
were adjusted with the Greenhouse-Geisser correction for the
violation of the assumption of sphericity when the degrees of free-
dom were more than one. The effect size (i.e., partial η2: η2p) is
also reported to complement the use of significance testing. The
following conventions were adopted to determine the magnitude
of the mean effect size:<0.08 (small effect size), between 0.08 and
0.14 (medium effect size), and >0.14 (large effect size). A value of
p < 0.05 was considered to be significant.
RESULTS
BEHAVIORAL PERFORMANCE
Reaction time
As shown in Figure 1, there were main effects of Time [F(1, 57) =
42.25, p < 0.001, η2p = 0.43] and Condition [F(1, 57) = 221.94,
p < 0.001, η2p = 0.80] on RTs, suggesting that RTs were faster
after (283.24ms) than before (301.29ms) acute exercise, and
that RTs were faster in the congruent-go (283.89ms) than in
the incongruent-go (300.65ms) conditions. The effects of the
interaction of Time × Group [F(2, 57) = 3.78, p = 0.029, η2p =
0.12] on RTs was also significant. Post-hoc analyses showed RTs
were significantly faster after compared to before acute exer-
cise in both HI (pre- vs. post-exercise = 299.49 ± 47.90 vs.
275.02 ± 47.56ms, p < 0.001) and MI (pre- vs. post-exercise =
309.57 ± 69.15 vs. 287.21 ± 68.91ms, p < 0.001) groups in the
Go condition.
Accuracy rate
There was a main effect of Condition [F(1, 57) = 23.11, p < 0.001,
η2p = 0.29] on the accuracy rate, suggesting that the accuracy
rate of the No-Go condition was higher in the congruent condi-
tion (99.2%) than in the incongruent one (98.3%). The effects of
the interactions of Time×Group [F(2, 57) = 3.61, p = 0.033, η2p =
0.11] and Time×Group×Condition [F(2, 57) = 3.22, p = 0.048,
η2p = 0.10] on the accuracy rate were also significant. Post-hoc
analyses showed the accuracy rate in the incongruent-no-go
condition was significantly higher after compared to before acute
exercise in both HI (pre- vs. post-exercise = 98.00 ± 2.03% vs.
98.75 ± 1.21%, p = 0.024) and MI (pre- vs. post-exercise =
98.10 ± 2.10% vs. 98.85 ± 1.27%, p = 0.015) groups.
ELECTROPHYSIOLOGICAL PERFORMANCE
The grand averaged ERP waveforms obtained for the three
groups are shown in Figure 2. There were significant effects
FIGURE 1 | Behavioral [RTs (ms) in Go conditions; Accuracy rate (%)
in No-Go conditions] performance (Mean ± SD) for the two
exercise intervention groups (i.e., HI: high-intensity and MI:
moderate-intensity) before and after an acute bout of resistance
exercise and one non-exercise-intervention (NEI) group before and
after rest (∗ <0.05).
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of Group [F(2, 57) = 3.34, p = 0.042, η2p = 0.11] and Time
[F(2, 57) = 39.91, p < 0.001, η2p = 0.41] on P3 amplitudes, sug-
gesting that no significant differences were observed between
the three groups in the averaged P3 amplitude across the four
conditions before acute exercise. In addition, the HI (13.58 ±
7.35µV) and MI (14.91 ± 4.49µV) groups showed significantly
larger P3 amplitudes than the NEI (8.34 ± 3.42µV) group (HI
vs. NEI, p = 0.012; MI vs. NEI, p = 0.001). The effect of the
interaction of Group × Time [F(2, 57) = 7.10, p = 0.002, η2p =
0.20] on P3 amplitudes was also significant. Post-hoc analyses
revealed that the P3 amplitudes were significantly larger after
compared to before acute exercise in both HI (pre- vs. post-
exercise: 8.24± 6.98 vs. 13.58± 7.35µV, p < 0.001) andMI (pre-
vs. post-exercise: 8.40 ± 4.86 vs. 14.91 ± 4.49µV, p < 0.001)
groups.
BIOCHEMICAL INDICES
Growth Hormone (GH)
As seen in Figure 3, there were significant effects of Group
[F(2, 57) = 13.56, p < 0.001, η2p = 0.32] and Time [F(2, 114) =
22.53, p < 0.001, η2p = 0.28], and a significant effect of Group ×
Time [F(4, 114) = 12.83, p < 0.001, η2p = 0.31], on GH levels.
Post-hoc analyses revealed that no significant differences in the
GH levels were observed between three groups at the T1 time
point. The GH levels at the T2 (HI vs. MI: p < 0.001; HI vs. NEI:
p < 0.001) and T3 (HI vs. MI: p = 0.013; HI vs. NEI: p = 0.001)
time points were found to be significantly higher in the HI group
as compared to the NEI and MI groups. In addition, in the HI
group, the GH level was found to increase significantly at both
the T2 and T3 time points relative to the T1 time point (T1 vs.
T2: p < 0.001; T1 vs. T3: p = 0.004), and decrease significantly at
FIGURE 2 | Grand averaged ERP waveforms (Fz, Cz, and Pz) in the
congruent-go, congruent-no-go, incongruent-go, and incongruent-no-go
conditions for the two exercise intervention (i.e., HI: high-intensity and
MI: moderate-intensity) groups before and after an acute bout of
resistance exercise and one non-exercise-intervention (NEI) group
before and after rest.
FIGURE 3 | Changes in growth hormone (GH), insulin-like growth
factor-1 (IGF-1), and cortisol levels (Mean ± SE ) for the two
exercise intervention (i.e., HI: high-intensity and MI:
moderate-intensity) groups before [T1 (green bar)] and after
[T2 (red bar): before the 2nd cognitive task; T3 (blue bar):
after the 2nd cognitive task] an acute bout of resistance
exercise and one non-exercise-intervention (NEI) group before
and after rest (∗p < 0.05).
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the T3 relative to the T2 time point (p = 0.003). Moreover, in the
MI group, the GH level was found to increase significantly at both
the T2 and T3 time points relative to the T1 time point (T1 vs.
T2: p = 0.003; T1 vs. T3: p = 0.020). No significant correlations
emerged among the changes in GH levels and changes in behav-
ioral and electrophysiological performances with acute exercise in
any of the EI groups.
Insulin-like growth factor-1 (IGF-1)
There were significant effects of Group [F(2,57) = 3.83, p =
0.028, ηp2 = 0.12] and Time [F(2,114) = 10.14, p < 0.001, ηp2 =
0.15] on IGF-1 levels, as well as a significant Group × Time
effect [F(4,114) = 5.90, p < 0.001, ηp2 = 0.17]. Post-hoc analyses
revealed that no significant differences were found for the T1 time
point among the three groups. However, the IGF-1 levels at the
T2 (p = 0.003) and T3 (p = 0.039) time points were found to
be significantly higher in the HI group as compared to the NEI
group. In addition, in the HI group, the serum IGF-1 level was
found to increase significantly at the T2 time point relative to T1
(p < 0.001), and to decrease significantly at T3 relative to T2 time
point (p = 0.002). Moreover, in the MI group the serum IGF-1
level was found to increase significantly at the T2 and T3 time
points relative to the T1 time point (T1 vs. T2: p = 0.010; T1 vs.
T3: p = 0.005). No significant correlations emerged among the
changes in IGF-1 levels and changes in behavioral and electro-
physiological performances with acute exercise in any of the EI
groups.
Cortisol
There was a significant effect of Time [F(1,57) = 21.40, p <
0.001, η2p = 0.27] on cortisol levels, and a significant Group ×
Time effect [F(4,114) = 6.10, p = 0.001, ηp2 = 0.18]. Post hoc
analyses revealed that no significant differences were observed
between the cortisol levels of the three groups at the T1 time
point. However, in the HI group the cortisol level was found
to decrease significantly at the T2 time point (T1 vs. T2: p =
0.023) and approach significance at the T3 time point (T1 vs.
T3: p = 0.062) relative to T1. In the MI group the cortisol level
was found to decrease significantly at both the T2 and T3 time
points relative to T1 (both T1 vs. T2 and T1 vs. T3: p < 0.001).
The serum cortisol levels between T2 and T3 did not change
significantly.
Additionally, the correlations achieved significance with regard
to the changes in cortisol levels and electrophysiological perfor-
mance (i.e., P3 amplitude) with acute exercise in the MI (T2
vs. T1: r = −0.50, p = −024; T3 vs. T1: r = −0.51, p = 0.020)
and HI (T2 vs. T1: r = −0.49, p = 0.029; T3 vs. T1: r = −0.58,
p = 0.007) groups.
DISCUSSION
The purposes of the present study were to investigate the effects of
acute resistance exercise on executive functions when individuals
performed a Go/No-Go task combined with the Erikson Flanker
paradigm, and to explore the potential biochemical mechanisms
in relation to two neurotrophic factors (i.e., GH and IGF-1)
and the cortisol biomarker. Even though the young males per-
formed almost at ceiling and showed fast responses before the
intervention when performing the cognitive task, acute resis-
tance exercise, irrespective of high or moderate exercise intensity,
could still affect cognitive [behavioral (e.g., RTs and accuracy
rate) and electrophysiological (i.e., P3 amplitude)] performance
when they performed an executive function/attentional control
task. In terms of biochemical markers, such exercise prescriptions
significantly increased the serum levels of two neurotrophic fac-
tors (i.e., GH and IGF-1) and lower the serum levels of cortisol
in both EI groups compared to baseline. Only the cortisol levels
remained stable for about 20min after exercise, and the corre-
lations between changes in serum cortisol levels and changes in
electrophysiological (i.e., P3 amplitude) performance reached a
significant level in the both EI groups.
Several experimental studies have demonstrated that acute
aerobic exercise can improve cognitive performance when the
subjects performed cognitive tasks involving executive function-
ing (Hillman et al., 2003, 2009; Davranche et al., 2009; Tsai et al.,
2014). Recently, two studies also demonstrated that acute resis-
tance exercise could significantly cause shorter RTs and higher
accuracy rates when the participants performed the executive
functioning tasks (e.g., the Stroop test and the Tower of London
task), suggesting that such an exercise intervention could improve
behavioral performance (Chang et al., 2012, 2014). In line with
the findings of these previous studies, the RTs in the present
study were significantly improved in both EI groups when per-
forming the modified Flanker task after acute resistance exercise
compared to pre-exercise. In addition, the finding that the accu-
racy rate in the incongruent-no-go condition was significantly
higher after compared to before acute resistance exercise in both
EI groups was also in agreement with that of a previous work
(Hillman et al., 2009) which found that response accuracy was
generally improved following acute aerobic exercise compared to
pre-exercise, with better performance during incongruent condi-
tions requiring greater amounts of inhibition when performing
a modified Flanker task. Indeed, previous studies also reported
that the beneficial effects of acute exercise could be confined
to inhibitory control and attention (e.g., Drollette et al., 2012).
However, given the results of the present study, where exercise
had similar effects on behavioral performance in both EI groups,
it appears that, regardless of whether moderate or high intensity,
acute resistance exercise could be a viable approach to enhancing
the executive functions involving inhibitory control and attention
in youngmale adults. The improved behavioral performance with
regard to central executive functioning found in this work could
be related to increases in neural activation or general physiologi-
cal arousal (Magnie et al., 2000; Joyce et al., 2009; Lambourne and
Tomporowski, 2010; Dietrich and Audiffren, 2011; Pesce et al.,
2011).
Indeed, the amplitude of the P3 potential increased following a
bout of acute resistance exercise relative to the pre-exercise levels
in both the EI groups in the present study, in a similar manner to
the beneficial effects of acute aerobic exercise reported in previous
studies (Hillman et al., 2003, 2009; Tsai et al., 2014). Since the P3
amplitude is proportional to the amount of attentional resources
allocated to a task (Tsai et al., 2009), the findings of the current
study suggest that young male adults could attain more efficient
cognitive processing when performing the cognitive task after a
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bout of acute resistance exercise. In addition, this study also found
that significant increases in P3 amplitude were observed across all
three cortical sites (Fz, Cz, and Pz), supporting Polich and Kok’s
(1995) view that, since variations in scalp topography were not
observed following fluctuations in biological state in their work,
the effects of P3 amplitude and exercise occur in a global fashion.
Moreover, Yanagisawa et al. (2010) used multichannel functional
near-infrared spectroscopy (fNIRS) measurements and found
that acute exercise could improve executive functions and increase
cortical activation, suggesting that significant increases in oxy-
Hb signaling could be the potential mechanism underlying such
changes. Therefore, the increased oxygenation and flood flow
in the brain after acute exercise is likely the cause of the neu-
ral activation (i.e., greater P3 amplitudes) found in the present
study. Additionally, recent research found that glucose moder-
ates the magnitude of the P3 ERP component when individuals
performed the oddball task (Riby et al., 2008) and acute resis-
tance exercise can facilitate blood glucose control and insulin
secretion (Balaguera-Cortes et al., 2011; Moreira et al., 2012). It
is possible that, since performing the executive function task in
the present study requires simultaneous inhibitory control and
attention, greater demands on metabolic resources could be com-
pensated following a single bout of resistance exercise. Such an
effect further facilitated the P3 performance. Another potential
mechanism for the facilitative effects of acute resistance exercise
on electrophysiological performance and executive function per-
formance may be the changes in biochemical markers (i.e., GH
and IGF-1) that occur in the central nervous system (Kashihara
et al., 2009).
In this study we investigated two neurotrophic factors (i.e.,
GH and IGF-1) which play central roles in the health of neu-
rons in the brain, since previous studies investigating the effect
of resistance training on executive functions mostly discussed the
potential mechanisms using these (Cassilhas et al., 2007, 2010;
Seo et al., 2010). This is perhaps due to the fact that the secretions
of these two biomarkers are exercise-sensitive, and occur in rela-
tion to specific physiological and metabolic demands (Gregory
et al., 2013). In the current study, serum GH and IGF-1 lev-
els were significantly increased in both EI groups after acute
resistance exercise, supporting the findings of previous studies
which demonstrated that a single bout of resistance training
can significantly increase serum GH levels, which could pro-
duce a subsequent increase in its secondary mediator (i.e., IGF-1)
(Nicklas et al., 1995), and that trained men could increase cir-
culating IGF-1 responses with a bout of acute resistance exercise
(Rubin et al., 2005). However, this study found that changes in
the levels of both neurotrophic factors were not significantly cor-
related with the changes in behavioral and electrophysiological
performance in the healthy young male adults when perform-
ing the cognitive task. These results do not stand alone, and
are somewhat in agreement with prior studies which found that
there was no relationship between serum IGF-1/GH concentra-
tions and specific aspects of cognitive-behavioral measurements
and electrophysiological performance (e.g., N2b) when middle-
aged to elderly adults performed a Go/No-Go task (Papadakis
et al., 1995; Aleman et al., 1999; Quik et al., 2012). The pos-
sible explanations for the lack of correlation are as follows: (1)
the serum levels of GH and IGF-1 were significantly decreased
from the T2 to the T3 time points in this study; (2) even though
the serum GH and IGF-1 levels increased much more after high-
intensity resistance exercise in the HI group compared to the MI
one, these changes still did not show a very strong positive cor-
relation with the changes in cognitive performance; and (3) the
beneficial effects of acute resistance exercise on behavioral and
electrophysiological performance might be explained in terms of
heightened arousal, due to exercise-induced changes in realloca-
tion of mental resources and metabolic rate (Audiffren, 2009).
However, it is worth pointing out that GH and IGF-1 are impor-
tant molecular mediators of neural efficiency in the human brain
(Sonntag et al., 2005). Previous studies demonstrated that reg-
ular, long-term resistance exercise is associated with increases in
circulating GH and IGF-1 concentrations in youngmales (Ballard
et al., 2005; Willoughby et al., 2007), and that changes in the
resting serum IGF-1 concentrations after 12 months of resis-
tance exercise were significantly correlated with the changes in
RTs and P3 amplitude in healthy elderly subjects (Tsai et al., under
review). We can thus not negate the potential roles of GH and
IGF-1 in the beneficial effects of regular, long-term resistance
exercise on cognitive functioning, since these acute effects in the
present study could be washed out due to the limited timeframe of
exercise.
Given that cortisol is indicative of arousal, the results of this
study support the view that the participants’ level of arousal
was altered after the acute exercise intervention, and this seems
to have positively affected their cognitive processes (Lambourne
and Tomporowski, 2010), leading to faster RTs and a higher
accuracy rate following a bout of acute resistance exercise in
both MI and HI groups. Since high levels of cortisol have a
detrimental effect on executive functions (e.g., inhibitory con-
trol and attention regulation) (Kopell et al., 1970; Lupien and
McEwen, 1997; Lyons et al., 2000), the beneficial effects of acute
resistance exercise on behavioral and electrophysiological perfor-
mance for both MI and HI groups in the present study could
be attributed to the reduced cortisol levels. The post-exercise
concentrations of cortisol that were found in the present study
were significantly lower than the pre-exercise ones in both EI
groups, echoing earlier studies which found that the cortisol
concentration is modulated by acute exercise, and significantly
decreases immediately post-exercise and for up to 1–2 h post-
exercise compared to pre-exercise (Kemmler et al., 2003; Heaney
et al., 2013). Henckens et al. (2012) found that cortisol can
modulate emotional and attentive processing, and that high circu-
lating corticosteroid levels could negatively influence the function
of the amygdala in executive networks. In addition, lower cir-
culating corticosteroid levels modulate the neural correlates of
sustained attention by reducing cuneus activity, which might shift
the brain back from a stimulus-driven response mode to a more
controlled mode, and restore proper brain functioning in the
aftermath of stress. It is worth pointing out that the serum cor-
tisol level was found to significantly decrease at T2 and T3 relative
to the T1 time point, and did not significantly change between
T2 and T3 in either EI group in the present study, suggesting
that the serum cortisol levels had stabilized by at least 20min
after resistance exercise. These findings might partly support
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the relationship between changes in cortisol levels and cognitive
performance.
However, while the changes in cortisol levels were significantly
correlated with those in P3 amplitude, they were not significantly
correlated with the changes in RTs and accuracy rate in either
the MI and HI groups in the current study, suggesting such a
biochemical marker might be more sensitive to the electrophysio-
logical index relative to the behavioral measures. Indeed, cortisol
is associated with an increased activation of the alerting/arousal
component of attention (Lambourne and Tomporowski, 2010;
Schulz et al., 2013), and thus resting EEG has been shown to be
related to cortisol levels (Schulz et al., 2013). Previous studies also
found that exercise may serve to increase neuronal synchrony,
as alpha wave activation increased after a bout of acute exer-
cise (Kubitz and Mott, 1996; Kubitz and Pothakos, 1997), and
such a biological state (i.e., increased resting EEG alpha power)
is related to P3 potential (Bashore, 1989; Lardon and Polich,
1996; Polich, 1997). Taken together, these results indicate that
acute exercise could change the serum cortisol concentrations and
the level of alpha wave activity, which in turn modulate the P3
amplitude, as seen in the current study when the participants per-
formed a cognitive task involving executive control after acute
resistance exercise. However, the positive cortisol effect on P3
amplitude induced by acute exercise in the present study need
to be explored in further experiments using longer regimes. In
addition, although previous studies have not demonstrated the
relationship between the P3 amplitude and cortisol levels, some
studies demonstrated that ERN amplitudes predicted reduced
cortisol increases during a Stroop task (Amen et al., 2008), while
higher ERN amplitudes were associated with a greater decrease
in cortisol during a task session (Tops et al., 2006). Therefore,
the results of the current study might be able to explain how the
reduced cortisol levels following acute resistance exercise could
efficiently increase the P3 amplitude when the participants per-
formed the cognitive task. However, it is interesting as such
cortisol effects which seem to be specific to short burst exercise
might have important ramifications for neurorehabilitation after
brain injury and in the elderly.
Although the electrophysiological and biochemical findings
of the present study could extend the current knowledge base
regarding the beneficial effects of acute resistance exercise on
behavioral performance, there are the following limitations to
the current work which must be addressed. First, there are well-
documented sex-specific differences in endocrine responses to
acute resistance exercise, with higher basal GH levels and aug-
mented (or at least equivalent) GH responses to a bout of acute
resistance exercise found inmales (Kraemer et al., 1991; Hakkinen
et al., 2000). Further research is thus warranted in this area, possi-
bly examining the relationships between acute resistance exercise
and the neurotrophic factors in females. Second, since the blood
samples in the current study were taken around 2–3 h after wak-
ing, the participants would have already experienced the large
decrease in cortisol that occurs following the cortisol awaken-
ing response, which could lead to a favorable endocrine profile
(Heaney et al., 2013). An identical experimental design, but car-
ried out in the afternoon, is thus required to assess whether
similar responses in cortisol levels after exercise would be found
to those that the present study obtained in the morning. Third,
since cortisol levels could also be influenced by an acute bout
of aerobic exercise in young males (Kanaley et al., 2001), and
such changes could affect cognitive performance (Kashihara et al.,
2009), further research should explore the correlations between
these in this context. In addition, since we only investigated the
effects of acute exercise on the Go/No-Go task combined with
the Erikson Flanker paradigm, it might also be worth consid-
ering using a broader array of cognitive measures and estab-
lishing whether the effects are different depending upon task
demands.
In conclusion, this study found that a bout of moderate- or
high-intensity resistance exercise could impact not only behav-
ioral (i.e., RTs and accuracy rate) but also electrophysiological
(i.e., P3 amplitude) performance in young male adults when per-
forming a cognitive task involving executive functions. Although
significantly different serum levels of neurotrophic factors (i.e.,
GH and IGF-1) could be secreted with different exercise inten-
sities, there were no significant correlations between changes in
the two neurotrophic factors and cognitive performance, possibly
because the serum concentrations quickly returned to basal levels
after exercise. The potential mechanisms underlying the changes
in cognitive performance after acute resistance exercise found in
the young male adults could be due to changes in arousal levels,
possibly modulated by cortisol.
AUTHOR CONTRIBUTIONS
Dr. Chia-Liang Tsai designed the study, wrote the protocol, and
the first draft of the manuscript. Dr. Chun-Hao Wang analyzed
the data. Dr. Chien-Yu Pan and Dr. Fu-Chen Chen worked on the
revision of the manuscript. Dr. Tsang-Hai Huang helped collect
and analyze the blood sample. Research assistant Mrs. Feng-Ying
Chou helped collect data.
ACKNOWLEDGMENTS
This research was supported by a grant from the National
Science Council in Taiwan (NSC 100-2410-H-006-074-MY2).
The authors are also grateful to the participants who gave their
precious time to facilitate the work reported here.
REFERENCES
Aleman, A., de Vries, W. R., Koppeschaar, H. P., Osman-Dualeh, M., Verhaar,
H. J., Samson, M. M., et al. (2001). Relationship between circulating lev-
els of sex hormones and insulin-like growth factor-1 and fluid intelligence
in older men. Exp. Aging Res. 27, 283–291. doi: 10.1080/036107301300
208718
Aleman, A., Verhaar, H. J., De Haan, E. H., De Vries, W. R., Samson, M.
M., Drent, M. L., et al. (1999). Insulin-like growth factor-I and cognitive
function in healthy older men. J. Clin. Endocrinol. Metab. 84, 471–475. doi:
10.1210/jcem.84.2.5455
Almela, M., van der Meij, L., Hidalgo, V., Villada, C., and Salvador, A.
(2012). The cortisol awakening response and memory performance in
older men and women. Psychoneuroendocrinology 37, 1929–1940. doi:
10.1016/j.psyneuen.2012.04.009
Amen, A., Dodd, J., Fineman, S. L., and Compton, R. J. (2008). Individual
differences in cognitive control are associated with cortisol reactivity.
Psychophysiology 45(Suppl. 1), S49.
Audiffren, M. (2009). “Acute exercise and physiological functions: a cognitive-
energetics approach,” in Exercise and Cognitive Function, eds T. McMorris and
P. D. Tomporowski (Hoboken, NJ: John Wiley & Sons), 3–39.
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 262 | 9
Tsai et al. Endocrine, acute exercise, and cognition
Balaguera-Cortes, L., Wallman, K. E., Fairchild, T. J., and Guelfi, K. J. (2011).
Energy intake and appetite-related hormones following acute aerobic and resis-
tance exercise. Appl. Physiol. Nutr. Metab. 36, 958–966. doi: 10.1139/h11-121
Ballard, T. L., Clapper, J. A., Specker, B. L., Binkley, T. L., and Vukovich, M. D.
(2005). Effect of protein supplementation during a 6-mo strength and condi-
tioning program on insulin-like growth factor I andmarkers of bone turnover in
young adults. Am. J. Clin. Nutr. 81, 1442–1448. doi: 10.1016/j.bone.2005.10.020
Bashore, T. R. (1989). Age, physical fitness, and mental processing speed. Annu.
Rev. Gerontol. Geriatrics 9, 120–144.
Beck, A. T., Steer, R. A., and Brown, G. K. (1996). BDI-II: 2nd Edn Manual. San
Antonio, TX: The Psychological Corporation.
Blair, C., Granger, D., and Razza, R. P. (2005). Cortisol reactivity is positively related
to executive function in preschool children attending head start. Child Dev. 76,
554–567. doi: 10.1111/j.1467-8624.2005.00863.x
Borst, S. E., De Hoyos, D. V., Garzarella, L., Vincent, K., Pollock, B. H., Lowenthal,
D. T., et al. (2001). Effects of resistance training on insulin-like growth
factor-I and IGF binding proteins. Med. Sci. Sports Exerc. 33, 648–653. doi:
10.1097/00005768-200104000-00021
Cassilhas, R. C., Antunes, H. K., Tufik, S., and de Mello, M. T. (2010). Mood, anxi-
ety, and serum IGF-1 in elderly men given 24 weeks of high resistance exercise.
Percept. Mot. Skills 110, 265–276. doi: 10.2466/PMS.110.1.265-276
Cassilhas, R. C., Viana, V. A., Grassmann, V., Santos, R. T., Santos, R. F.,
Tufik, S., et al. (2007). The impact of resistance exercise on the cogni-
tive function of the elderly. Med. Sci. Sports Exerc. 39, 1401–1407. doi:
10.1249/mss.0b013e318060111f
Chang, Y. K., Ku, P. W., Tomporowski, P. D., Chen, F. T., and Huang, C. C. (2012).
Effects of acute resistance exercise on late-middle-age adults’ goal planning.
Med. Sci. Sports Exerc. 44, 1773–1779. doi: 10.1249/MSS.0b013e3182574e0b
Chang, Y. K., Tsai, C. L., Huang, C. C., Wang, C. C., and Chu, I. H. (2014).
Effects of acute resistance exercise on cognition in late middle-aged adults:
General or specific cognitive improvement? J. Sci. Med. Sport 17, 51–55. doi:
10.1016/j.jsams.2013.02.007
Chapman, L. J., and Chapman, J. P. (1987). The measurement of handedness. Brain
Cogn. 6, 175–183. doi: 10.1016/0278-2626(87)90118-7
Colcombe, S., and Kramer, A. F. (2003). Fitness effects on the cognitive function of
elder adults: a meta-analytic study. Psychol. Sci. 14, 125–130. doi: 10.1111/1467-
9280.t01-1-01430
Craig, C. L., Marshall, A. L., Sjöström, M., Bauman, A. E., Booth, M. L.,
Ainsworth, B. E., et al. (2003). International physical activity questionnaire:
12-country reliability and validity. Med. Sci. Sports Exerc. 35, 1381–1395. doi:
10.1249/01.MSS.0000078924.61453.FB
Davranche, K., Hall, B., and McMorris, T. (2009). Effect of acute exercise on cogni-
tive control required during an Eriksen Flanker task. J. Sport Exerc. Psychol. 31,
628–639.
Dietrich, A., and Audiffren, M. (2011). The reticular-activating hypofrontality
(RAH) model of acute exercise. Neurosci. Biobehav. Rev. 35, 1305–1325. doi:
10.1016/j.neubiorev.2011.02.001
Dik, M. G., Pluijm, S. M., Jonker, C., Deeg, D. J., Lomecky, M. Z., and Lips,
P. (2003). Insulin-like growth factor I (IGF-I) and cognitive decline in older
persons. Neurobiol. Aging 24, 573–581. doi: 10.1016/S0197-4580(02)00136-7
Dixit, A., Vaney, N., and Tandon, O. P. (2006). Evaluation of cognitive brain func-
tions in caffeine users: a P3 evoked potential study. Indian J. Physiol. Pharmacol.
50, 175–180.
Drollette, E. S., Shishido, T., Pontifex, M. B., and Hillman, C. H.
(2012). Maintenance of cognitive control during and after walking
in preadolescent children. Med. Sci. Sports Exerc. 44, 2017–2024. doi:
10.1249/MSS.0b013e318258bcd5
Duman, R. S. (2002). Pathophysiology of depression: the concept of synap-
tic plasticity. Eur. Psychiatry 17, 306–310. doi: 10.1016/S0924-9338(02)
00654-5
Etnier, J. L., Salazar, W., Landers, D. M., Petruzello, S. J., Han, M., and Nowell, P.
(1997). The influence of physical fitness and exercise upon cognitive function-
ing: a meta-analysis. J. Sport Exerc. Psychol. 19, 249–277.
Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). “Mini-mental state”. A
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6
Geisler, M.W., and Polich, J. (1990). P300 and time of day: circadian rhythms, food
intake, and body temperature. Biol. Psychol. 31, 117–136. doi: 10.1016/0301-
0511(90)90012-L
Gregory, S. M., Spiering, B. A., Alemany, J. A., Tuckow, A. P., Rarick, K. R.,
Staab, J. S., et al. (2013). Exercise-induced insulin-like growth factor I system
concentrations after training in women.Med. Sci. Sports Exerc. 45, 420–428. doi:
10.1249/MSS.0b013e3182750bd4
Hakkinen, K., Pakarinen, A., Kraemer, W. J., Newton, R. U., and Alen,
M. (2000). Basal concentrations and acute responses of serum hormones
and strength development during heavy resistance training in middle-
aged and elderly men and women. J. Gerontol. A Biol. Sci. Med. Sci. 55,
B95–B105. doi: 10.1093/gerona/55.2.B95
Heaney, J. L. J., Carroll, D., and Phillips, A. C. (2013). DHEA, DHEA-S and cortisol
responses to acute exercise in older adults in relation to exercise training status
and sex. Age 35, 395–405. doi: 10.1007/s11357-011-9345-y
Henckens, M. J., Wingen, G. A., Joels, M., and Fernandez, G. (2012).
Time-dependent effects of cortisol on selective attention and emotional
interference: a functional MRI study. Front. Intergr. Neurosci. 6:66. doi:
10.3389/fnint.2012.00066
Hillman, C. H., Pontifex, M. B., Raine, L. B., Castelli, D. M., Hall, E. E., and Kramer,
A. F. (2009). The effect of acute treadmill walking on cognitive control and
academic achievement in preadolescent children. Neuroscience 159, 1044–1054.
doi: 10.1016/j.neuroscience.2009.01.057
Hillman, C. H., Snook, E. M., and Jerome, G. J. (2003). Acute cardiovascular
exercise and executive control function. Int. J. Psychophysiol. 48, 307–314. doi:
10.1016/S0167-8760(03)00080-1
Hogan, M., Kiefer, M., Kubesch, S., Collins, P., Kilmartin, L., and Brosnan, M.
(2013). The interactive effects of physical fitness and acute aerobic exercise on
electrophysiological coherence and cognitive performance in adolescents. Exp.
Brain Res. 229, 85–96. doi: 10.1007/s00221-013-3595-0
Irving, B. A., Weltman, J. Y., Patrie, J. T., Davis, C. K., Brock, D. W., Swift, D.,
et al. (2009). Effects of exercise training intensity on nocturnal growth hor-
mone secretion in obese adults with themetabolic syndrome. J. Clin. Endocrinol.
Metab. 94, 1979–1986. doi: 10.1210/jc.2008-2256
Jonkman, L.M., Lansbergen,M., and Stauder, J. E. A. (2003). Developmental differ-
ences in behavioral and event-related brain responses associated with response
preparation and inhibition in a go/nogo task. Psychophysiology 40, 752–761. doi:
10.1111/1469-8986.00075
Joyce, J., Graydon, J., McMorris, T., and Davranche, K. (2009). The time course
effect of moderate intensity exercise on response execution and response inhi-
bition. Brain Cogn. 71, 14–19. doi: 10.1016/j.bandc.2009.03.004
Kalmijn, S., Janssen, J. A., Pols, H. A., Lamberts, S. W., and Breteler, M. M. (2000).
A prospective study on circulating insulin-like growth factor I (IGF-I), IGF-
binding proteins, and cognitive function in the elderly. J. Clin. Endocrinol.
Metab. 85, 4551–4555. doi: 10.1210/jcem.85.12.7033
Kamijo, K., Hayashi, Y., Sakai, T., Yahiro, T., Tanaka, K., and Nishihira, Y.
(2009). Acute effects of aerobic exercise on cognitive function in older adults.
J. Gerontol. B Psychol. Sci. Soc. Sci. 64, 356–363. doi: 10.1093/geronb/gbp030
Kanaley, J. A.,Weltman, J. Y., Pieper, K. S.,Weltman, A., andHartman,M. L. (2001).
Cortisol and growth hormone responses to exercise at different times of day.
J. Clin. Endocrinol. Metab. 86, 2881–2889. doi: 10.1210/jcem.86.6.7566
Kashihara, K., Maruyama, T., Murota, M., and Nakahara, Y. (2009). Positive
effects of acute and moderate physical exercise on cognitive function. J. Physiol.
Anthropol. 28, 155–164. doi: 10.2114/jpa2.28.155
Kato, Y., Endo, H., and Kizuka, T. (2009). Mental fatigue and impaired response
processes: event-related brain potentials in a Go/NoGo task. Int. J. Psychophysiol.
72, 204–211. doi: 10.1016/j.ijpsycho.2008.12.008
Kemmler, W., Wildt, L., Engelke, K., Pintag, R., Pavel, M., Bracher, B., et al. (2003).
Acute hormonal responses of a high impact physical exercise session in early
postmenopausal women. Eur. J. Appl. Physiol. 90, 199–200. doi: 10.1007/s00421-
003-0874-7
Kopell, B. S., Wittner, W., Lunde, D., Warrick, G., and Edwards, D. (1970). Cortisol
effects on averaged evoked potential, alpha rhythm, time estimation, and two
flash fusion threshold. Psychosom. Med. 32, 39–49. doi: 10.1097/00006842-
197001000-00003
Kraemer, W. J., Gordon, S. E., Fleck, S. J., Marchitelli, L. J., Mello, R., Dziados, J.
E., et al. (1991). Endogenous anabolic hormonal and growth factor responses to
heavy resistance exercise in males and females. Int. J. Sports Med. 12, 228–235.
doi: 10.1055/s-2007-1024673
Kubitz, K. A., and Mott, A. A. (1996). EEG power spectral densities dur-
ing and after cycle ergometer exercise. Res. Q. Exerc. Sport 67, 91–96. doi:
10.1080/02701367.1996.10607929
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 262 | 10
Tsai et al. Endocrine, acute exercise, and cognition
Kubitz, K. A., and Pothakos, K. (1997). Does aerobic exercise decrease brain
activation? J. Sport Exerc. Psychol. 19, 291–301.
Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced arousal
on cognitive task performance: a meta-regression analysis. Brain Res. 1314,
12–24. doi: 10.1016/j.brainres.2010.03.091
Lardon, M. T., and Polich, J. (1996). EEG changes fromlong-term physical exercise.
Biol. Psychol. 44, 19–30. doi: 10.1016/S0301-0511(96)05198-8
Liu-Ambrose, T., Nagamatsu, L. S., Graf, P., Beattie, B. L., Ashe, M. C., and
Handy, T. C. (2010). Resistance training and executive functions: a 12-month
randomized controlled trial.Arch. Intern. Med. 170, 170–178. doi: 10.1001/arch-
internmed.2009.494
Lupien, S. J., and McEwen, B. S. (1997). The acute effects of corticosteroids on
cognition: integration of animal and human model studies. Brain Res. Rev. 24,
1–27. doi: 10.1016/S0165-0173(97)00004-0
Lyons, D. M., Lopez, J. M., Yang, C., and Schatzberg, A. F. (2000). Stress-level cor-
tisol treatment impairs inhibitory control of behavior in monkeys. J. Neurosci.
20, 7816–7821.
Magnie, M. N., Bermon, S., Martin, F., Madany-Lounis, M., Suisse, G.,
Muhammad, W., et al. (2000). P300, N400, aerobic fitness, and maxi-
mal aerobic exercise. Psychophysiology 37, 369–377. doi: 10.1111/1469-8986.
3730369
McGuigan, M. R., Egan, A. D., and Foster, C. (2004). Salivary cortisol responses and
perceived exertion during high intensity and low intensity bouts of resistance
exercise. J. Sports Sci. Med. 3, 8–15.
McMorris, T., Sproule, J., Turner, A., and Hale, B. (2011). Acute, intermedi-
ate intensity exercise, and speed and accuracy in working memory tasks:
a meta-analytical comparison of effects. Physiol. Behav. 102, 421–428. doi:
10.1016/j.physbeh.2010.12.007
Moreira, S. R., Simões, G. C., Moraes, J. F., Motta, D. F., Campbell,
C. S., and Simões, H. G. (2012). Blood glucose control for individ-
uals with type-2 diabetes: acute effects of resistance exercise of lower
cardiovascular-metabolic stress. J. Strength Cond. Res. 26, 2806–2811. doi:
10.1519/JSC.0b013e318242a609
Morley, J. E., Kaiser, F., Raum, W. J., Perry, III. H. M., Flood, J. F., Jensen, J.,
et al. (1997). Potentially predictive and manipulable blood serum correlates of
aging in the healthy human male: progressive decreases in bioavailable testos-
terone, dehydroepiandrosterone sulfate, and the ratio of insulin-like growth
factor 1 to growth hormone. Proc. Natl. Acad. Sci. U.S.A. 94, 7537–7542. doi:
10.1073/pnas.94.14.7537
Neeper, S. A., Gomez-Pinilla, F., Choi, J., and Cotman, C. (1995). Exercise and brain
neurotrophins. Nature 373, 109. doi: 10.1038/373109a0
Nemet, D., Connolly, P. H., Pontello-Pescatello, A. M., Rose-Gottron, C., Larson,
J. K., Galassetti, P., et al. (2004). Negative energy balance plays a major role
in the IGF-I response to exercise training. J. Appl. Physiol. 96, 276–282. doi:
10.1152/japplphysiol.00654.2003
Nicklas, B. J., Ryan, A. J., Treuth, M. M., Harman, S. M., Blackman, M. R., Hurley,
B. F., et al. (1995). Testosterone, growth hormone and IGF-1 responses to acute
and chronic resistive exercise in men aged 55-70 years. Int. J. Sports Med. 16,
445–450. doi: 10.1055/s-2007-973035
Oweis, P., and Spinks, W. (2001). Biopsychological, affective and cognitive
responses to acute physical activity. J. Sports Med. Phys. Fitness 41, 528–538.
Ozkaya, G. Y., Aydin, H., Toraman, N. F., Kizilay, F., Ozdemir, O., and Cetinkaya, V.
(2005). Effect of strength and endurance training on cognition in older people.
J. Sports Sci. Med. 4, 300–313.
Papadakis, M. A., Grady, D., Tierney, M. J., Black, D., Wells, L., and Grunfeld, C.
(1995). Insulin-like growth factor 1 and functional status in healthy older men.
J. Am. Geriatr. Soc. 43, 1350–1355.
Perrig-Chiello, P., Perrig, W. J., Ehrsam, R., Staehelin, H. B., and Krings, F.
(1998). The effects of resistance training on well-being and memory in elderly
volunteers. Age Ageing 27, 469–475. doi: 10.1093/ageing/27.4.469
Pesce, C., Cereatti, L., Forte, R., Crova, C., and Casella, R. (2011). Acute and
chronic exercise effects on attentional control in older road cyclist. Gerontology
57, 121–128. doi: 10.1159/000314685
Polich, J. (1997). On the relationship between EEG and P300: individual differ-
ences, aging and ultradian rhythms. Int. J. Psychophysiol. 26, 299–317. doi:
10.1016/S0167-8760(97)00772-1
Polich, J., and Kok, A. (1995). Cognitive and biological determinants of P300:
an integrative review. Biol. Psychol. 41, 103–146. doi: 10.1016/0301-0511(95)
05130-9
Quesada, A. A., Wiemers, U. S., Schoofs, D., and Wolf, O. T. (2012). Psychosocial
stress exposure impairs memory retrieval in children. Psychoneuroendocrinology
37, 125–136. doi: 10.1016/j.psyneuen.2011.05.013
Quik, E. H., Conemans, E. B., Valk, G. D., Kenemans, J. L., Koppeschaar, H. P.,
and van Dam, P. S. (2012). Cognitive performance in older males is asso-
ciated with growth hormone secretion. Neurobiol. Aging 33, 582–587. doi:
10.1016/j.neurobiolaging.2010.03.022
Riby, L. M., Sünram-Lea, S. I., Graham, C., Foster, J. K., Cooper, T., Moodie,
C., et al. (2008). P3b versus P3a: an event-related potential investiga-
tion of the glucose facilitation effect. J. Psychopharmacol. 22, 486–492. doi:
10.1177/0269881107081561
Rollero, A., Murialdo, G., Fonzi, S., Garrone, S., Gianelli, M. V., Gazzerro, E., et al.
(1998). Relationship between cognitive function, growth hormone and insulin-
like growth factor I plasma levels in aged subjects.Neuropsychobiology 38, 73–79.
doi: 10.1159/000026520
Rubia, K., Hyde, Z., Halari, R., Giampietro, V., and Smith, A. (2010). Effects
of age and sex on developmental neural networks of visual–spatial atten-
tion allocation. Neuroimage 51, 817–827. doi: 10.1016/j.neuroimage.2010.
02.058
Rubin, M. R., Kraemer,. W. J., Maresh, C. M., Volek, J. S., Ratamess, N. A.,
Vanheest, J. L., et al. (2005). High-affinity growth hormone binding protein
and acute heavy resistance exercise. Med. Sci. Sports Exerc. 37, 395–403. doi:
10.1249/01.MSS.0000155402.93987.C0
Ruchsow, M., Spitzer, M., Gron, G., Grothe, J., and Kiefer, M. (2005). Error pro-
cessing and impulsiveness in normals: Evidence from event-related potentials.
Cogn. Brain Res. 24, 317–325. doi: 10.1016/j.cogbrainres.2005.02.003
Sapolsky, R. M. (1993). Potential behavioural modification of glucocorticoid
damage to the hippocampus. Behav. Brain Res. 30, 175–182. doi: 10.1016/0166-
4328(93)90133-B
Schulz, A., Strelzyk, F., Ferreira de Sá, D. S., Naumann, E., Vögele, C., and
Schächinger, H. (2013). Cortisol rapidly affects amplitudes of heartbeat-evoked
brain potentials–implications for the contribution of stress to an altered per-
ception of physical sensations? Psychoneuroendocrinology 38, 2686–2693. doi:
10.1016/j.psyneuen.2013.06.027
Schwarz, A. J., Brasel, J. A., Hintz, R. L., Mohan, S., and Cooper, D. M. (1996).
Acute effect of brief low- and high-intensity exercise on circulating insulin-like
growth factor (IGF) I, II, and IGF-binding protein-3 and its proteolysis in young
healthy men. J. Clin. Endocrinol. Metab. 81, 3492–3497.
Seo, D. I., Jun, T. W., Park, K. S., Chang, H., So, W. Y., and Song, W. (2010). 12
weeks of combined exercise is better than aerobic exercise for increasing growth
hormone in middle-aged women. Int. J. Sport Nutr. Exerc. Metab. 20, 21–26.
Sonntag,W. E., Ramsey,M., and Carter, C. S. (2005). Growth hormone and insulin-
like growth factor-1 (IGF-1) and their influence on cognitive aging. Ageing Res.
Rev. 4, 195–212. doi: 10.1016/j.arr.2005.02.001
Staron, R. S., Karapondo, D. L., Kraemer,W. J., Fry, A. C., Gordon, S. E., Falkel, J. E.,
et al. (1994). Skeletal muscle adaptations during early phase of heavy-resistance
training in men and women. J. Appl. Physiol. 76, 1247–1255.
Thayer, R. E. (1989). The Bio-Psychology of Mood and Arousal. New York, NY:
Oxford University Press.
Thomas, S., Reading, J., and Shephard, R. J. (1992). Revision of the physical activity
readiness questionnaire (PAR-Q). Can. J. Sport Sci. 17, 3338–3345.
Tops, M., Boksem, M. A. S., Wester, A. E., Lorist, M. M., and Meijman,
T. F. (2006). Task engagement and the relationships between the error-
related negativity, agreeableness, behavioral shame proneness and corti-
sol. Psychoneuroendocrinology 31, 847–858. doi: 10.1016/j.psyneuen.2006.
04.001
Tops, M., van der Pompe, G., Wijers,A. A., den Boer, J. A., Meijman, T. F., and Korf,
J. (2004). Free recall of pleasant words from recency positions is especially sensi-
tive to acute administration of cortisol. Psychoneuroendocrinology 29, 327–338.
doi: 10.1016/S0306-4530(03)00032-5
Tsai, C. L., Chen, F. C., Pan, C. Y., Wang, C. H., Huang, T. H., and
Chen, T. C. (2014). Impact of acute aerobic exercise and cardiorespira-
tory fitness on visuospatial attention performance and serum BDNF level.
Psychoneuroendocrinology 41, 121–131. doi: 10.1016/j.psyneuen.2013.12.014
Tsai, C. L., Pan, C. Y., Cherng, R. J., Hsu, Y. W., and Chiu, H. H. (2009).
Mechanisms of deficit of visuospatial attention shift in children with develop-
mental coordination disorder: A neurophysiological measures of the endoge-
nous Posner paradigm. Brain Cogn. 71, 246–258. doi: 10.1016/j.bandc.2009.
08.006
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 262 | 11
Tsai et al. Endocrine, acute exercise, and cognition
Vedhara, K., Hyde, J., Gilchrist, I. D., Tytherleigh, M., and Plummer, S. (2000).
Acute stress, memory, attention and cortisol. Psychoneuroendocrinology 25,
535–549. doi: 10.1016/S0306-4530(00)00008-1
Wahl, P., Zinner, C., Achtzehn, S., Bloch, W., and Mester, J. (2010). Effect of
high- and low-intensity exercise and metabolic acidosis on levels of GH,
IGF-I, IGFBP-3 and cortisol. Growth Horm. IGF Res. 20, 380–385. doi:
10.1016/j.ghir.2010.08.001
Willoughby, D. S., Stout, J. R., andWilborn, C. D. (2007). Effects of resistance train-
ing and protein plus amino acid supplementation on muscle anabolism, mass,
and strength. Amino Acids 32, 467–477. doi: 10.1007/s00726-006-0398-7
Wu, B. H. (2014). Dose effects of caffeine ingestion on acute hormonal responses
to resistance exercise. J. Sports Med. Phys. Fitness. [Epub ahead of print].
Yanagisawa, H., Dan, I., Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y., et al.
(2010). Acute moderate exercise elicits increased dorsolateral prefrontal acti-
vation and improves cognitive performance with Stroop test. Neuroimage 50,
1702–1710. doi: 10.1016/j.neuroimage.2009.12.023
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 23 March 2014; accepted: 14 July 2014; published online: 01 August 2014.
Citation: Tsai C-L, Wang C-H, Pan C-Y, Chen F-C, Huang T-H and Chou F-Y (2014)
Executive function and endocrinological responses to acute resistance exercise. Front.
Behav. Neurosci. 8:262. doi: 10.3389/fnbeh.2014.00262
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 Tsai, Wang, Pan, Chen, Huang and Chou. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 262 | 12
